1. Evaluation of symptomatic patients 2. Evaluation of asymptomatic (at-risk) siblings of known patients 3. Newborn screening and follow-up testing 4. Prenatal diagnosis 5. Postmortem screening Virtually all laboratories providing this analysis as a clinical service do so using tandem mass spectrometry (MS/MS) as the analytical platform. 4 -6 Less frequently employed methodologies include gas chromatography-mass spectrometry, highperformance liquid chromatography, and capillary electrophoresis. As is the case for all complex metabolic profiles, appropriate acylcarnitine analysis requires both analytical proficiency and in-depth interpretation of results with informative reporting.
BACKGROUND Clinical description of disease
Inherited FAO disorders are inborn errors of metabolism (IEM) of relatively recent discovery. [7] [8] [9] They may present at any age, from birth to adulthood, frequently leading to life-threatening episodes of metabolic decompensation after a period of inadequate caloric intake and intercurrent illness. Typical manifestations are hypoketotic hypoglycemia, liver disease, skeletal and cardiomyopathy, and sudden unexpected death.
Organic acidemias are a more heterogeneous group of IEM. 10, 11 They typically present with recurrent episodes of acute life-threatening illness, hypo-or hypertonia, failure to thrive, and developmental delay. Common acute manifestations include vomiting, lethargy, coma, and seizures.
With rare exceptions, the diagnosis of these conditions is almost exclusively a laboratory process, of which acylcarnitine analysis is a key component. A comprehensive metabolic evaluation typically also includes the analysis of plasma amino acids, urine organic acids, and plasma carnitine (free and total). Depending on results of these studies, additional testing may also be warranted.
Disorders biochemically detectable by acylcarnitine analysis
ACP analysis detects disorders of FAO and some disorders of organic acid metabolism. Specific disorders detected in a typical acylcarnitine run are shown in Table 1 .
Prevalence
The combined incidence of these disorders is between 1:5,000 and 1:10,000 live births. 12 
Mode of inheritance
All IEM detectable by acylcarnitine analysis are inherited as autosomal recessive traits except 2-methyl-3-hydroxyburyrylCoA dehydrogenase deficiency, which is X-linked. 13 
PREANALYTICAL REQUIREMENTS Sample types
Carnitine and its esters are found in virtually all biological fluids. The preferred sample type for the testing of symptomatic patients and asymptomatic at-risk individuals is plasma or serum. Some laboratories also prefer testing dried blood spots, an approach that facilitates ease of specimen transport and may increase the sensitivity of detecting disorders of longchain FAO. ACP is less frequently performed in urine, although this can be a sensitive approach for detecting certain organic acidemias such as glutaric acidemia type I, 14 biotinidase deficiency, and isobutyryl-CoA dehydrogenase deficiency. 15 ACP can also be performed in various tissues including cultured fibroblasts, lymphocytes, and amniocytes, as well as homogenized liver and muscle. 16 -18 Postmortem screening can be performed on dried-blood spots or bile, 19, 20 and amniotic fluid is used for the prenatal diagnosis of selected IEM. 21 
Sample volumes
Sample collection volumes and conditions of sample shipping and handling must be established by the laboratory and made available to referring physicians upon request. Typical sample testing volumes are given in Table 2 .
Conditions of sample shipping, handling and storage Specimens spotted and dried on filter paper can be shipped at room temperature. All other sample types should be frozen as soon as possible and shipped to the testing laboratory on dry ice. Long-term storage at room temperature causes progressive losses of acylcarnitines, with degradation of short-chain species occurring faster than long chain. Compounds are stable indefinitely when stored at Ϫ80°C. Criteria for sample rejection should be established and documented by the laboratory.
METHOD VALIDATION Calibration and quantitation
Stable-isotope internal standards are available from a variety of commercial sources. These standards must be validated by Table 1 Inborn errors of metabolism detected by acylcarnitine profile analysis: disorders of fatty acid oxidation and organic acid metabolism determining recoveries from weighed, nonisotopic acylcarnitine standards for as many compounds as possible. Internal standards must be periodically revalidated at a frequency determined by the laboratory. Reference standards are not available for all acylcarnitine species, particularly the hydroxy species. Quantitation of these compounds should be extrapolated by application of the calibration for the nearest species of similar structure.
The laboratory should determine the linear range, analytical measurement range and lower limit of detection for all clinically informative acylcarnitines, when possible. These performance characteristics should be verified on a regular basis as specified by CLIA.
Reference ranges
Reference ranges for all reported acylcarnitines should be established and periodically validated. 1,2 When literaturebased ranges are used, they must be validated by the laboratory before being put into use. For all applications except postmortem screening and tissue analyses, reference ranges should be age-matched. In particular, the comparison of pediatric results to blood spot, plasma, and serum normative ranges derived from an adult population is not appropriate.
Testing personnel
Appropriate training and ongoing competency requirements for laboratory personnel performing ACP analysis must be established and documented. Particularly for MS/MS-based applications, instrument optimization, method validation, and clinical testing must be performed by personnel with specialized training in the operation of MS/MS.
ANALYSIS OF ACYLCARNITINES Sample preparation
Acylcarnitines are most often analyzed as their butyl-esters, 2 although the analysis of underivatized specimens is possible and alternative derivatization methods (including methylation) are also occasionally used. A typical procedure for plasma sample preparation for acylcarnitine analysis is summarized below (specific procedures must be determined and validated by each laboratory):
Specimens are diluted with a mixture of deuterium-labeled internal standards dissolved in acetonitrile acidified with 0.3% formic acid or methanol. Internal standards typically include ϩ molecular ion of hydroxyisovalerylcarnitine). Samples are centrifuged, and the supernatant containing the extracted acylcarnitines is transferred to another tube and evaporated to dryness under nitrogen. Acylcarnitines are derivatized to their butyl-esters by adding 3N HCl in n-butanol and heating at 65°C for 15 minutes. Samples are again evaporated to dryness under nitrogen, and finally reconstituted in the mobile phase.
Analytical methods
For MS/MS-based testing, acylcarnitines are analyzed without chromatographic separation in the positive-ion mode, using either precursor-ion (also called parent-ion) scan or multiple-reaction monitoring (MRM). Precursor ion scan is preferable, as it allows evaluation of the whole profile and detection of common drug artifacts, presence of interfering compounds, and evidence of poor derivatization. Chromatographic separation can be considered when the separation of isomers is desired and clinically relevant. However, this is more easily achieved by other testing avenues such as urine organic acid or acylglycine analysis.
The liquid sample is introduced into the ion source through a capillary tube and exposed to a strong electric field and a counter flow of nitrogen gas (electrospray ionization, ESI). This causes evaporation of the solvent and desorption of charged ions into the mass analyzer. ESI occurs under atmospheric pressure allowing efficient ionization, while the mass analyzers operate at very low pressure. The combination is possible by introducing the ions into the analyzers through a very small (Ͻ1 mm) orifice and using powerful vacuum pumps.
In a standard triple quadrupole system, the first (Q 1 ) and third (Q 3 ) quadrupoles can be set either to scan a mass range or to select one or more individual ions. The second quadrupole (Q 2 ) is utilized as a collision cell where fragmentation of ions in transit is enhanced. In the precursor-ion mode for the analysis of butylated derivatives, all precursors of products m/z 85 within a mass range between 200 and 500 m/z are recorded. For MRM analysis, appropriate parent-product ion pairs must be identified for the unambiguous detection of each reported acylcarnitine species. However, this may not always be possible. For example, the parent-product ion pair of C4-acylcarnitine (288/85) can represent butyrylcarnitine, isobutyrylcarnitine, and formiminoglutamate. 22 Acylcarnitine species are listed in Table 3 , along with the molecular weight of [MϩH] ϩ ions corresponding to their butyl-ester derivatives. Tolerance limits for the identification of acylcarnitines by molecular mass must be defined by the laboratory.
Quality control
A positive and negative control sample should be prepared and analyzed with every batch of patients tested. The internal standard mix should also be analyzed separately with each batch.
A quality control (QC) program based on the quantitative analysis of normal and abnormal control specimens should be implemented on a regular basis. Target ranges should be established for each metabolite and used to accept or reject a given QC run. The internal standards in each specimen serve as a QC check for each specimen. The use of Westgard rules for clinical specimen analysis further controls the parameters for quality patient diagnosis and reporting. 23 
Proficiency testing
An ongoing proficiency testing (PT) program for acylcarnitine analysis must be implemented and documented. A biannual PT program for ACP is offered by the College of American Pathologists (CAP) and supervised by the joint CAP/ American College of Medical Genetics Genetic Biochemical and Molecular Genetic Resource Committee. 24 A qualitative blood spot acylcarnitine quality assurance program is also offered by the "European Research Network for Evaluation and Improvement of Screening, Diagnosis and Treatment of Inherited Disorders of Metabolism." 25 
TEST INTERPRETATION AND REPORTING Interpretation
Results should be reviewed and interpreted by an ABMGcertified biochemical geneticist. Informative results are usually characterized by a pattern of one or more elevated acylcarnitine species in comparison with age-matched reference ranges. Interpretation of results is based on pattern recognition and correlation of positive and negative findings, rather than on individual abnormal values. The differential diagnosis of abnormal results of species potentially representing multiple isomers (C4, C5, C5-OH, C5-DC) is critical and cannot be overstated. 2, 3 Basic acylcarnitine patterns associated with various disease states are listed in Table 4 . In addition to the primary markers listed, calculation of ratios (for example C8/C10 ratio in MCAD deficiency) is useful in the interpretation of abnormal results. Informative profiles may not always be detected in disorders where the accumulation of diagnostic species is a reflection of the residual activity of the defective enzyme, the dietary load of carnitine and precursors, and the anabolic-catabolic status of the patient. Modest abnormalities should be correlated to the patient's carnitine levels as a status of carnitine deficiency could affect the outcome of this analysis.
Several drugs (for example, valproic acid, pivalic acid, cefotaxime) may induce abnormal levels of one or more known acylcarnitine species. 26, 27 Other exogenous compounds (drug metabolites, food additives, intravenous fluids containing dextrose) could result in the appearance of atypical species, 28 some of them at m/z values in close proximity or even overlapping with acylcarnitines of diagnostic significance. Dietary artifacts are also possible, usually related to food intake enriched with fatty acids (MCT-oil, ketogenic diet). 29 
Reporting
Patient reports must contain appropriate patient and specimen information as contained in Section C 2.4, 2.4.1, and 2.4.2 of these guidelines, and as described previously. 30 When abnormal results are detected, the interpretation should include an overview of the results and their significance, quantitative results with age-appropriate reference ranges, a correlation to available clinical information, elements of differential diagnosis, recommendations for additional biochemical testing and in vitro confirmatory studies (e.g., enzyme assay, molecular analysis), and a phone number to reach the reporting laboratory with additional questions. Acylcarnitine reference values are age-dependent, requiring that quantitative results be matched against a properly defined age group. 
